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ABSTRACT
The driving mechanism of massive outflows observed in high-mass star-forming regions
is investigated using three-dimensional magnetohydrodynamics (MHD) and protostel-
lar evolution calculations. In our previous paper, we showed that the mass outflow rate
depends strongly on the mass accretion rate onto the circumstellar disk around a high-
mass protostar, and massive outflows may be driven by the magnetic effect in high-
mass star-forming cores. In the present study, in order to verify that the MHD disk
wind is the primary driving mechanism of massive outflows, we quantitatively compare
outflow properties obtained through simulations and observations. Since the outflows
obtained through simulations are slightly younger than those obtained through ob-
servations, the time-integrated quantities of outflow mass, momentum, and kinetic
energy are slightly smaller than those obtained through observations. On the other
hand, time-derivative quantities of mass ejection rate, outflow momentum flux, and
kinetic luminosity obtained through simulations are in very good agreement with those
obtained through observations. This indicates that the MHD disk wind greatly con-
tributes to the massive outflow driving from high-mass protostars, and the magnetic
field might significantly control the high-mass star formation process.
Key words: accretion, accretion disks—ISM: jets and outflows, magnetic fields—
MHD—stars: formation, massive
1 INTRODUCTION
Radio observations have confirmed many molecular out-
flows in various star-forming regions (e.g., Snell et al. 1980;
Wu et al. 2004; Arce et al. 2010). Molecular outflows have
a wide opening angle and a speed of ∼> 1–10 km s
−1
(Arce et al. 2007; Velusamy et al. 2014). Since molecular
outflows are ubiquitously observed around young stellar ob-
jects (YSOs), they are considered to universally appear in
the star formation process (Lada 1985; Pudritz & Norman
1986; Shu et al. 1987). The outflows are proof of mass accre-
tion onto the circumstellar disk and/or protostar, because
they are powered by the release of the gravitational energy
of accreting matter (Konigl & Pudritz 2000). In addition,
molecular outflow ejects a large fraction of cloud mass and
determines the star formation efficiency (Matzner & McKee
2000). Thus, the molecular outflow is essential to under-
standing the star formation process, and its driving mecha-
nism should be clarified.
⋆ E-mail: yuko.matsushita.272@s.kyushu-u.ac.jp (YM),
machida.masahiro.018@m.kyushu-u.ac.jp (MNM)
Although numerous molecular outflows have been ob-
served in low-mass star-forming regions, which are located
near the Sun, their driving mechanism has not been iden-
tified (Arce et al. 2007). Controversial hypotheses on out-
flow driving have been proposed. In a classical theory or
model, the molecular outflow (hereinafter, outflow), which
is usually observed at radio wavelengths, is entrained by an-
other high-velocity component, namely, the optical jet (here-
inafter, jet), which is usually observed at optical and near-
infrared wavelengths. We refer to this scenario as the en-
trainment hypothesis (Mundt & Fried 1983; Raga & Cabrit
1993; Canto & Raga 1991; Matzner & McKee 1999). On the
other hand, recent magnetohydrodynamics (MHD) simu-
lations have shown that the low-velocity wide-angle out-
flow is driven directly by the circumstellar disk around
a protostar (Tomisaka 2002; Banerjee & Pudritz 2006;
Machida et al. 2008; Price et al. 2012; Tomida et al. 2013,
2015; Lewis & Bate 2017). We refer to this scenario as
the MHD disk wind hypothesis, in which the outflow is
magneto-centrifugally driven by the rotationally supported
disk (Blandford & Payne 1982). Thus, two competing sce-
c© 0000 The Authors
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narios have been proposed as the outflow driving mecha-
nism, which remains a topic of debate.
Recent high-resolution ALMA observations are begin-
ning to provide proof for the MHD disk wind hypothesis.
Bjerkeli et al. (2016) showed that the molecular outflow is
directly driven by the disk around low-mass YSO TMC-
1A. Moreover, through ALMA observation, Aso et al. (2015)
confirmed the existence of a Keplerian rotation disk per-
pendicular to the outflow axis around TMC-1A. In addi-
tion, over the past several years, several Keplerian rotation
disks have been confirmed around (low-mass) Class 0 pro-
tostars, which are driving molecular outflows (Hara et al.
2013; Murillo et al. 2013; Codella et al. 2014; Lee et al.
2014; Ohashi et al. 2014; Sakai et al. 2014; Yen et al. 2015).
Through ALMA observation, Alves et al. (2017) also pro-
vided strong evidence of the MHD disk wind around Class
I protostars. The results of recent high-resolution observa-
tions in low-mass star-forming regions are in good agreement
with recent theoretical studies on low-mass star formation,
in which molecular outflow is driven directly by the circum-
stellar (or Keplerian) disk, and is not entrained by a high-
velocity jet (Inutsuka 2012).
On the other hand, compared to the low-mass star for-
mation process, high-mass star formation remains poorly
understood. Since massive star-forming regions are located
far from the Sun, it is difficult to directly observe high-
mass protostars, disks, and their surrounding environments.
However, it is well known that high-mass protostars also
drive (massive) outflows that have a size of > 0.1 pc
(Beuther et al. 2002). Thus, we can observe (or resolve) the
outflows from high-mass protostars and might be able to de-
rive some information about high-mass star formation from
the observations of such outflows (Wu et al. 2004).
Very recently, using ALMA, Hirota et al. (2017) ob-
served high-mass protostar Orion KL source I resolving the
circumstellar disk and outflow and showed clear evidence of
the MHD disk wind, in which the rotations of both disk and
outflow were confidently identified (see also Greenhill et al.
2013; Hirota et al. 2016a,b). Note that they could not find
any sign of a high-velocity jet, and specifically excluded
other outflow driving mechanisms, such as entrainment and
radiation-driven mechanisms. Although there are a small
number of samples at this time, recent observations imply
that high-mass protostars also drive outflow by the MHD
disk wind mechanism.
Unlike low-mass star formation, radiation feedback
might be considered for the outflow driving mechanism in
high-mass star formation. However, in an analytical study,
Tanaka et al. (2017) showed that the MHD disk wind is
the primary feedback mechanism rather than feedback by
radiation-driven and/or stellar winds, even for the high-mass
star formation process. They also pointed out that over 90%
of outflow momentum is provided by the MHD disk wind in
the mass range of Mps ∼< 100M⊙, where Mps is the proto-
stellar mass. In addition to Tanaka et al. (2017), a number
of studies pointed out that the MHD disk wind mechanism
is viable and important, even for the high-mass star for-
mation process (Peters et al. 2011; Commerc¸on et al. 2011;
Hennebelle et al. 2011; Seifried et al. 2012; Kuiper et al.
2015). Thus, it may be important to investigate high-mass
star formation in terms of the MHD disk wind.
In the present paper, following our previous study
(Matsushita et al. 2017, referred to hereinafter as Paper I),
we investigate the massive outflow driven by high-mass pro-
tostars. In Paper I, we calculated the evolution of massive
clouds and outflows parameterizing the mass accretion rate
according to the core accretion scenario (Tan et al. 2013,
2014) and showed that massive outflow driven by the MHD
disk wind mechanism may appear in the massive star for-
mation process when the parent clouds for high-mass star
formation have strong magnetic fields. In the present study,
using calculation data taken from Paper I, we estimate the
protostellar luminosity in order to directly compare out-
flow properties derived from simulations with those obtained
through observations. Then, we confirm whether massive
outflows from high-mass protostars are indeed driven by the
MHD disk wind mechanism.
The remainder of the present paper is organized as fol-
lows. Section 2 describes the numerical settings of the pro-
posed model, and the calculation of protostellar evolution
is described in Section 3. Section 4 presents the simulation
results. We compares the simulation results with observa-
tions in Section 5, and discuss caveats in comparing outflow
properties between simulations and observations in Section
6. Finally, the paper is summarized in Section 7.
2 NUMERICAL SETTINGS AND MODELS
As described in Section 1, we used simulation data taken
from Paper I. Since the numerical settings and model pa-
rameters are described in Paper I, we explain them only
briefly here.
Using a resistive MHD nested grid code (for details, see
Machida et al. 2004; Machida et al. 2005a,b; Machida et al.
2007, 2010a; Machida & Hosokawa 2013) that covers a spa-
tial scale of 0.8 AU–9.1×105 AU, we calculated the evolution
of star-forming clouds until the protostellar mass reaches
∼ 2–100M⊙ with a sink, in which the sink threshold density
nsink and accretion radius rsink were set to nsink = 10
13 cm−3
and rsink = 1AU, respectively. In Paper I, we prepared fidu-
cial models A–F and models CE1-CE4, CW1, CW2, EW1,
and EW2 (see Table 1 of Paper I). Since models CE1-CE4,
CW1, CW2, EW1, and EW2 were calculated to investigate
only the dependence of resistivity (CE1-CE4) and magnetic
field strength (CW1, CW2, EW1, and EW2), in the present
paper, we use fiducial models A–F.
The model parameters are listed in Table 1. The initial
clouds have a Bonner-Ebert density profile with a central
density ρc,0 = 3.8 × 10
−19 g cm−3 and an isothermal tem-
perature Tiso = 40K. To promote contraction, we enhance
the cloud density by a factor of f = 1.4− 67, where f is the
density enhancement factor and changes the ratio of ther-
mal to gravitational energy of the initial clouds α0 (Paper
I). The initial clouds have the same radius of Rcl =0.28 pc
and different masses in the range of Mcl = 32 − 1542M⊙
(Table 1). A uniform magnetic field and rigid rotation are
set as the initial state, in which the magnetic field is as-
sumed to be parallel to the rotation axis. The magnetic field
strengths are adjusted to have µ = 2, where µ is the mass-
to-flux ratio of the initial clouds normalized by the critical
value (2πG1/2)−1. The angular velocities are also chosen to
have β0 = 0.02, where β0 is the ratio of rotational to grav-
itational energy of the initial clouds. In Table 1, B0 and
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Model Mcl Rcl B0 Ω0 α0 β0 γ0 µ
M˙
[M⊙] [pc] [µG] [10−14 s−1] [M⊙ yr−1]
A 32
0.28
23 3.3 0.5
0.02 0.2 2
8.2× 10−5
B 77 56 5.1 0.2 2.2× 10−4
C 192 140 8.0 0.08 8.6× 10−4
D 385 280 11 0.04 2.0× 10−3
E 771 560 16 0.02 6.2× 10−3
F 1,542 1,120 23 0.01 1.7× 10−2
Table 1. Model parameters. Column 1 lists the model name. Columns 2–5 list the cloud mass Mcl, cloud radius Rcl, magnetic field
strength B0, and angular velocity Ω0, respectively. Columns 6, 7, and 8 list the ratios of thermal α0, rotational β0, and magnetic energy
γ0, respectively, to the gravitational energy of the initial cloud core. Column 9 lists the initial mass-to-flux ratio normalised by the critical
value µ. Column 10 lists the average mass accretion rate at the end of simulation.
Ω0 of each model is listed. The mean mass accretion rate
for each model is also described in Table 1 (for details, see
Paper I). The mass accretion rate is controlled by the ra-
tio of thermal to gravitational energy α0 of the prestellar
cloud, and characterizes the models: High-mass stars form
with high mass accretion rates, and low-mass stars form with
relatively low mass accretion rates. A more detailed descrip-
tion of the numerical settings and model parameters can be
found in Paper I.
3 PROTOSTELLAR EVOLUTION AND
LUMINOSITY
The protostellar evolution is followed by numerically solv-
ing the interior structure as a post-process, i.e., with accre-
tion histories pre-calculated by the 3D MHD simulations as
in Machida & Hosokawa (2013). We use the STELLAR nu-
merical code (Yorke & Bodenheimer 2008; Hosokawa et al.
2013; Sakurai et al. 2015), which uses the Henyey method
to construct stellar models. STELLAR differs from the code
used in Machida & Hosokawa (2013), which assumes the
spherical accretion flow directly hits the stellar surface (e.g.,
Stahler et al. 1980; Hosokawa & Omukai 2009). In contrast,
STELLAR assumes the disk accretion with a control param-
eter η (0 6 η 6 1), where part of the accretion luminosity
L∗,acc = ηLacc is assumed to be temporarily deposited to
the stellar interior. This approach has been widely used to
model the thermal property of the accreting gas (i.e., the
specific entropy, e.g., Siess et al. 1997), which is unknown
in the stellar evolution calculations. For all of the exam-
ined cases, we adopt η = 0.01. It should be noted that
we confirmed that the choice of η does not significantly
affect the results, in which the accretion luminosity can
vary by a factor of six at the maximum in the range of
0.01 6 η 6 1 (Baraffe et al. 2012; Kuiper & Yorke 2013;
Baraffe et al. 2017). We also confirmed that the resulting
characteristic properties of high-mass protostars, such as
the large stellar radius, are qualitatively and quantitatively
the same when the different code, which is described above,
is adopted (e.g., Hosokawa et al. 2010, and Sec. 4.2.1 be-
low). We start the evolutionary calculations from an arbi-
trary tiny initial model with 0.01 M⊙, which roughly cor-
responds to the initial mass of the protostar (Larson 1969;
Masunaga & Inutsuka 2000).
4 OVERVIEW OF SIMULATION
Through three-dimensional simulations, we calculated the
evolution of each cloud listed in Table 1 and previously
showed the detailed structure of outflows and disks in Paper
I. Thus, in this section, we simply provide an overview of the
results.
Figure 1 shows a three-dimensional view of outflow and
magnetic field lines for model E. The figure indicates that
outflow is driven by the disk-like structure at the cloud
centre, and magnetic field lines are strongly twisted inside
the outflowing region (or inside the yellow surface). The
well-collimated structure of outflow is caused by the hoop
stress. The strongly twisted magnetic field lines and the
well-collimated structure of outflow are typical features of
the MHD disk wind (Kudoh et al. 1998; Konigl & Pudritz
2000; Tomisaka 2002).
In order to compare the difference in strength of out-
flows between models, the density and velocity distributions
on the y = 0 plane for models B, C, and E are plotted
in the top and middle panels of Figure 2. As described in
Table 1, models B, C, and E have average mass accretion
rates of M˙ = 2.2× 10−4 M⊙ yr
−1, 8.6× 10−4 M⊙ yr
−1, and
6.2×10−3 M⊙ yr
−1, respectively. The velocity and density of
the outflow in the high-mass accretion model (model E) are
larger than those in the low-mass accretion models (models
B and C). However, there is no significant difference in struc-
ture in large-scale outflows (Fig. 2 middle panels), in which
the outflow in each model has a well-collimated structure.
The outflow momentum (ρ vr) at each point is plotted
in the bottom panels of Figure 2. These panels show that
the outflow momentum in the model with a higher mass ac-
cretion rate is relatively large, as explained in Paper I. As
shown in Figures 1 and 2, although the structure of the out-
flow does not significantly differ between models, the outflow
strength or momentum differs considerably among models.
As described in Paper I, the difference in outflow proper-
ties among the models is attributed to the accretion rate
onto the circumstellar disk, because the outflow is powered
by the release of the gravitational energy of the accreting
matter, which is proportional to the mass accretion rate
M˙acc. Therefore, the difference in outflow physical quantities
should also be attributed to the mass accretion rate, which
is related to the initial cloud stability α0 (for details, see
Paper I).
MNRAS 000, 000–000 (0000)
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5 COMPARISON WITH OBSERVATIONS
In order to further validate the MHD disk wind as the (pri-
mary) driving mechanism of massive outflow in high-mass
star-forming regions, in this section, we compare the simu-
lation results with observations.
5.1 Outflow Length and Protostellar Luminosity
Figure 3 shows the evolution of the outflow length with re-
spect to the elapsed time after the outflow emerges. The
outflows reach ∼ 0.1–0.3 pc by the end of the calculation.
Note that we plotted the calculation results before the pro-
tostellar mass reaches Mps ∼ 20–30M⊙ because the ra-
diative effects cannot be ignored for Mps ∼> 20–30M⊙, as
discussed in Paper I (see also Yorke & Sonnhalter 2002;
Krumholz et al. 2007; Kuiper et al. 2010, 2015, 2016). How-
ever, Tanaka et al. (2017) showed that the MHD disk wind
is the primary feedback mechanism, even when the proto-
stellar mass reaches Mps ∼ 100M⊙. Thus, for reference, for
model F only, we added the simulation data after the pro-
tostellar mass exceeds Mps = 30M⊙.
In the following, we compare outflow properties de-
rived from simulations with observations of massive out-
flows (Wu et al. 2004; Beuther et al. 2002; Zhang et al.
2005; de Villiers et al. 2014; Maud et al. 2015). The out-
flow lengths listed in Beuther et al. (2002), Wu et al. (2004),
Maud et al. (2015) and de Villiers et al. (2014) are in the
range of ∼ 0.1 − 2 pc and comparable or slightly larger
than those derived from our simulations (Fig. 3). The large-
scale outflows are preferentially observed, while it takes a
considerably large computational time to reach the outflow
length of ∼ 2 pc in simulations. Thus, it should be noted
that, in some cases, we may compare relatively younger out-
flows in simulations with relatively older outflows in obser-
vations. Therefore, in comparison with outflows in simula-
tions, some outflows in observations have relatively large
amounts of mass, momentum and kinetic energy (§5.2). In-
stead, time-derivative outflow quantities in observations are
in well agreement with those in simulations (§5.3).
As described in Section 1, we cannot directly ob-
serve high-mass protostars. Thus, the bolometric luminosity,
which is considered to be emitted by protostars, is used as
the measure of protostellar mass in the observations. Note
that the bolometric luminosity acquired through observa-
tions is integrated over the entire massive star-forming cloud
that is illuminated by a high-mass protostar. In order to
more precisely compare the simulations and observations, we
calculated the protostellar luminosity Lbol (= Lacc + Lint)
for each model (Section 3) and plotted the obtained values
in the upper panel of Figure 4, in which the stellar inter-
nal luminosity Lint is also plotted, where Lacc the stellar
accretion luminosity. The figure indicates that the accre-
tion luminosity dominates the internal luminosity by the
end of the calculation in all models. The oscillation of bolo-
metric luminosities in Figure 4 is attributed to the time
variability of the mass accretion. For a high mass accre-
tion rate (see the last column of Table 1), the surface den-
sity of the circumstellar disk increases for a short duration
and causes gravitational instability, which develops a spiral
or non-axisymmetric structure (Toomre 1964) and induces
time-variable mass accretion onto the protostar, as discussed
in Paper I.
Although the protostellar luminosity depends on the
mass accretion rate, it is in the range of 102
∼
< L/L⊙ ∼< 10
6
in Figure 4. The protostellar luminosities derived from sim-
ulations are roughly comparable to the observations (see
below). Thus, from the viewpoint of protostellar luminos-
ity, we can compare massive outflows at almost the same
age between the simulations and observations. However, it
should be note that there exist some exceptions in observa-
tion, in which some massive protostars in observations have
somewhat larger bolometric luminosities than simulations.
As also described above, they are expected to correspond to
more evolve (or older) protostars, and have larger outflow
quantities (§5.2).
The lower panel of Figure 4 shows that, in all cases,
the high-mass accreting protostar has a large radius of from
few tens of to one hundred solar radii. This agrees with
previous calculations, which generally adopted constant ac-
cretion rates for simplicity (e.g., Hosokawa & Omukai 2009;
Hosokawa et al. 2010). Note that such a large radius is linked
to the resulting protostellar luminosity because the accretion
luminosity Lacc ∝ R
−1
ps currently dominates the bolometric
luminosity, as described above.
5.2 Time-integrated Outflow Quantities vs.
Bolometric Luminosity
We compared the outflow physical properties in simula-
tions with those in observations with respect to the bolo-
metric luminosity in Figure 5, in which observations taken
from tables of Zhang et al. (2014), Maud et al. (2015), and
Beuther et al. (2002) are plotted as symbols. Simulation re-
sults for every 100 years are plotted as coloured symbols in
the right-hand panels of Figure 5, and the clustered regions
of colour symbols are predicted to be preferentially observed
if massive outflows are driven by the MHD disk wind mecha-
nism. The outflow mass, momentum, and kinetic energy are
plotted in Figure 5. Since they are time-integrated quanti-
ties, the outflow mass, momentum, and kinetic energy might
depend on the evolutional stage of the protostar or outflow.
We discuss this in greater detail in §5.3 and §6.
The masses of outflows are plotted in Figures 5a and
b, in which the black solid lines correspond to the fitting
formula given by Wu et al. (2004) and are given by
log (Mout/Msun) = −1.04 + 0.56 log (Lbol/Lsun). (1)
The figures indicate that, as a whole, the outflow masses
derived from simulations are slightly less massive than
those obtained from observations. The outflow masses in
simulations are in the range of 0.1 ∼< Mout/M⊙ ∼< 20,
whereas those in observations are in the range of 0.1 ∼<
Mout/M⊙ ∼< 10
3. Thus, very massive outflows (Mout ∼>
20M⊙) did not appear in simulations. Note that we plot-
ted the outflow mass before the protostar reaches Mps =
30M⊙ because the radiative feedback can be ignored for
Mps < 30M⊙ (Krumholz et al. 2007; Kuiper et al. 2010,
2015, 2016). Moreover, we confirmed that the outflow mass
reachesMout ∼ 100M⊙ when the protostellar mass becomes
Mps ∼ 100M⊙.
The same tendency can be seen in the outflow mo-
mentum (Figs. 5c and d). The outflow momenta in the
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simulation are in the range of 5
∼
< Pout/(M⊙ kms
−1)
∼
<
5 × 102, whereas those in observations are in the range of
1 ∼< Pout/(M⊙ kms
−1) ∼< 10
4. Thus, although some outflow
momenta derived from simulations are in good agreement
with the observations, the observed values are occasionally
larger than those derived from simulations.
The outflow kinetic energies are plotted in Figures 5e
and f. As indicated by the outflow mass and momentum,
some outflow kinetic energies are in agreement with the ob-
servations, whereas others are smaller than the observations.
As described in §5.1, the outflows derived from simulations
are considered to be somewhat younger than observed out-
flows. Since the physical quantities in Figure 5 are time-
integrated quantities, it may be natural that outflow prop-
erties in some simulation results are smaller than the obser-
vations.
5.3 Time-derivative Outflow Quantities vs.
Bolometric Luminosity
Assuming steady outflow, the outflow mass, momentum, and
kinetic energy should depend on the evolutional stage of out-
flow or the elapsed time after outflow emerges, because they
are time-integrated quantities. On the other hand, time-
derivative quantities might be better for comparing sim-
ulations and observations and for identifying the outflow
driving mechanism. The outflow mass ejection rate, momen-
tum flux, and kinetic luminosity, which are time-derivative
quantities, for each model are plotted with respect to the
bolometric luminosity in Figure 6, in which the outflow
mass, momentum, and kinetic energy are each divided by
the elapsed time after the outflow emerges as follows:
M˙ =Mout/tout, (2)
F = Pout/tout, (3)
Lkin = Eout/tout, (4)
where tout is the elapsed time after the outflow emerges.
Figure 6a shows that the mass ejection rate for each
simulation model does not depend significantly on the bolo-
metric luminosity, where each model has almost the same
mass ejection rate. Depending on the mass accretion rate
(or α0), the mass ejection rates are in the range of 10
−4
∼
<
M˙/(M⊙ yr
−1) ∼< 10
−2. Although observations shows some
small mass ejection rates of M˙ < 10−4 M⊙ yr
−1, many of
them correspond well to simulations. Figure 6b shows that
the distribution of mass ejection rates in the simulations are
in good agreement with those in the observations. However,
some observational data are plotted in the lower right re-
gion, where no simulation data exist. In such a region, more
evolved high-mass protostars just before or after the main
accretion phase ends may be observed, because the mass
ejection rate is low and the bolometric luminosity is high.
Note that we could not calculate the outflow evolution by
the end of the mass accretion stage. Moreover, we clearly
showed that the mass ejection rate is proportional to the
mass accretion rate in Paper I.
In Figures 6c and d, the outflow momentum fluxes de-
rived from the simulations are roughly in agreement with the
observations. The outflow momentum fluxes derived through
simulation are somewhat larger than those of the observa-
tions. The fitting formula derived in Wu et al. (2004)
log (F/(M⊙km s
−1 yr−1)) = −4.92 + 0.648 log (Lbol/Lsun)
(5)
is plotted in these figures. The simulation results ap-
pear to agree well with the fitting formula. The momen-
tum flux has the dimensions of force and is considered
to be important in determining the outflow driving mech-
anism (e.g. Cabrit & Bertout 1992; Bontemps et al. 1996;
Hatchell et al. 2007). Figures 6c and d imply that massive
outflows observed in high-mass star-forming regions may be
driven by the MHD disk wind mechanism because the out-
flow momentum fluxes in the MHD simulations are sufficient
to explain the observations. As seen in the bottom panels of
Figure 2, the outflow momentum (flux) increases as the mass
accretion rate onto the protostar increases. The high mass
accretion rate is necessary to form a high-mass star. Thus,
Figures 2, 6e and f are the evidence for MHD disc winds
responsible for massive outflows observed around high-mass
protostars.
As shown in Figures 6e and f, the outflow kinetic lu-
minosities derived from the simulation are also comparable
to the observations. The fitting formula in these figures is
taken from Wu et al. (2004) and is as follows:
log (Lkin/Lsun) = −1.98 + 0.62 log (Lbol/Lsun). (6)
Lkin = Lbol is also plotted in the figure. The outflow kinetic
luminosities are significantly smaller than the protostellar
bolometric luminosities, indicating that the massive outflows
are not driven by the radiative effect (Wu et al. 2004).
6 DISCUSSION
We compared the simulations and observations in §5. Over-
all, the simulation results are in good agreement with the
observations. Thus, the massive outflow observed in high-
mass star-forming regions can be explained by the MHD
disk wind. However, there is a discrepancy between the sim-
ulations and observations, and there are caveats concerning
the calculations. In this section, after discussing the possible
reasons for this discrepancy, we discuss the abovementioned
caveats.
6.1 Age Difference between Simulations and
Observations
In §5, we first compared the outflow properties of the mass,
momentum, and kinetic energy in the simulations with those
in the observations, and they showed better agreement with
observations. However, some outflows in the observations
have larger physical quantities than the simulations because
of the slightly different evolutionary stage of the outflows,
as described in §4. Next, we compared the time-derivative
quantities of outflows (mass ejection rate, outflow momen-
tum flux, and kinetic luminosity) between the simulations
and observations, and very good agreement was found be-
tween them. Since it is expected that the time-derivative
quantities do not significantly depend on the evolutionary
stage, they are essential for determining the outflow driv-
ing mechanism. Thus, our results strengthen the hypothesis
that the massive outflows are driven primarily by the MHD
disk wind.
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However, there is discrepancy in the (dynamical)
timescale of outflow between simulations and observations.
We showed that outflow ages are substantially different be-
tween the simulations and observations in Paper I (see
Fig. 10 of Paper I). The elapsed time of outflow in the simu-
lations was ∼ 104 yr, whereas, in the observations, the out-
flow dynamical timescale, which is defined as
tdyn,obs = ℓout/vout, (7)
where ℓout and vout are the observed outflow length and
typical (or averaged) outflow velocity, is tdyn,obs ∼ 10
5 yr.
Thus, the difference in the outflow timescale between the
simulations and observations is approximately one order of
magnitude. In contrast, although some outflows in the ob-
servations have larger integrated physical quantities than
those in the simulations, many of the simulation results are
comparable to the observations, as shown in Figure 5, in
which the physical quantities are plotted with respect to
the bolometric luminosity. These results might imply that
the outflow dynamical timescale in the observations is not
very accurate.
In summary, some outflows in the simulations appear
to be younger than those in the observations, as described
in §4 and Figures 3 and 5, whereas some outflows in sim-
ulations appear to have approximately the same outflow
length (Fig. 3) and protostellar luminosity (Fig. 5), indi-
cating that the protostellar and outflow ages between simu-
lations and observations do not differ greatly. On the other
hand, although outflows have approximately the same phys-
ical quantities, there are gaps between the outflow ages be-
tween simulations and observations, as shown in Figure 10
of Paper I.
Although we can determine the elapsed time after out-
flow emerges without uncertainty in simulations, there may
exist uncertainty when estimating the outflow velocity and
length in observations. Even when the outflow inclination
angle and outflow length are correctly determined, it is dif-
ficult to determine the outflow velocity. In simulations, out-
flows show time variability, in which the outflow (typical
or maximum) velocity also changes with time. In addition,
since massive star-forming regions are located very far from
the Sun, the beam size or spatial resolution of telescopes is
not always sufficient to resolve the high-velocity component,
which would be embedded in a dense gas.
Figure 7 shows the distribution of the outflow velocity
on the y = 0 plane for model E at the same epoch as in
Figure 2 and indicates that the high-velocity component is
embedded in the low-velocity component. In addition, the
outflow has a maximum velocity of ∼ 30 kms−1 near its
root, whereas the propagation velocity is approximately 6
kms−1 (ℓout/tout ≃ 3,500AU/2,796 yr). Thus, the differ-
ence between the maximum velocity and the propagation
velocity is approximately five-fold. In the observations, the
dynamical timescale is estimated by a snapshot of outflows.
However, Figure 7 indicates that it is difficult to identify the
dynamical timescale from a snapshot in the observations.
In order to further investigate the dynamical timescale
derived from simulations, we calculated it as tdyn,ρ2 =
ℓout/vout,ρ2 , where we define vout,ρ2 as
vout,ρ2 =
∫
vr>vcri
vr ρ
2 dV
∫
vr>vcri
ρ2 dV
, (8)
where vcri = 0.5 kms
−1 is adopted (for details, see Pa-
per I). The massive outflows are observed in the shock-
excited molecular line emission from carbon monoxide
(Beuther et al. 2002; Zhang et al. 2005; de Villiers et al.
2014; Maud et al. 2015). Thus, we weighted the massive out-
flows by squared density in order to derive the outflow dy-
namical timescale, because the intensity of such a line emis-
sion is proportional to the squared density. For reference, we
also calculated the density-weighted velocity,
vout,ρ =
∫
vr>vcri
vr ρ dV
∫
vr>vcri
ρ dV
, (9)
and derived the outflow dynamical timescale as tdyn,ρ =
ℓout/vout,ρ.
Figure 8 compares the outflow dynamical timescale
tdyn,ρ2 and tdyn,ρ with the elapsed time tout after outflow
emerges. The figure indicates that the dynamical timescale
oscillates because of the time variability of the outflow.
In addition, based on the figure, the dynamical timescale
tdyn,ρ2 is approximately 10-times longer than the elapsed
time tout. The dynamical timescale tdyn,ρ is also slightly
longer than the elapsed time tout. This is because the out-
flow length is determined by a relatively high-velocity com-
ponent, which is embedded in a dense gas and is difficult to
observe, as shown in Figures 1 and 7. On the other hand,
the outflow has a massive low-velocity component, which
encloses the high-velocity component (Figs. 1 and 2) and is
easily observed. The mass of the high-velocity component is
small (Machida 2014), so the outflow physical quantities are
considered to be determined by the (massive) low-velocity
component.
The observation may underestimate the maximum or
typical outflow velocity. In such a case, since the observed
outflow is young, the discrepancy in the outflow timescale
might be resolved. Note that the dynamical timescale in
Figure 8 is a simple estimation. This figure simply indicates
the possibility of the observed dynamical timescale being
systematically longer than the elapsed time after outflow
emergence. More realistically, we need a strict treatment to
compare the dynamical timescale between simulations and
observations, in which molecular chemistry and line emission
should be considered. However, such treatment is far beyond
the scope of the present study.
6.2 Spatial Resolution in Simulations
Next, we discuss the caveats in our calculations. As dis-
cussed previously in Paper I, we used a sink method and did
not spatially cover the region near the protostar. Thus, the
high-velocity jet (∼> 100 kms
−1), which may be driven near
the protostar (Machida et al. 2008), could not be resolved.
Since the mass of the high-velocity component is expected
to be very small, the high-velocity component (or jet) does
not significantly contribute to the estimation of the total
(low-velocity) outflow mass, momentum, and kinetic energy
(Machida 2014). However, the sink may influence the esti-
mation of the dynamical timescale, because the high-velocity
component might determine the outflow length if it exists.
This is also related to the difference in the outflow timescale
between simulations and observations.
Observations of de Villiers et al. (2014) revealed that
MNRAS 000, 000–000 (0000)
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the maximum velocity of massive outflows is in the range
of 2 kms−1 ∼< vout,max ∼< 15 km s
−1, which is comparable
to our simulations (Fig. 7). Thus, no high-velocity com-
ponent (
∼
> 100 km s−1) appears in the observations. In
addition, Hirota et al. (2017) pointed out that they could
find no evidence of the high-velocity component (or jet)
in their observation of Orion KL source I. Thus, we have
no clear evidence of the high-velocity jet, which is some-
times observed around the low-mass protostar, driven from
the high-mass protostar. Recent ALMA observations do not
support the entrainment hypothesis (Bjerkeli et al. 2016;
Alves et al. 2017; Hirota et al. 2017), in which the high-
velocity jet greatly contributes to driving the low-velocity
outflow, as described in §1. On the other hand, in the
disk wind hypothesis, the high-velocity jet and outflow are
driven from different places (or different radii) of the cir-
cumstellar disk (Tomisaka 2002; Banerjee & Pudritz 2006;
Machida et al. 2008; Tomida et al. 2013), in which the jet
does not contribute to the outflow driving. In such a case,
we can safety compare outflows between simulations and
observations without resolving the region near the protostar
where the high-velocity jet may appear.
The purpose of the present study was to investigate
high-mass star formation from the viewpoint of massive out-
flows. As described above, although there is a minor discrep-
ancy between the simulations and observations, the simu-
lations appear to be able to explain the observations. In
order to more precisely investigate the high-mass star for-
mation and massive outflow, further time-integration and
higher spatial resolution are necessary in simulations. More-
over, higher spatial resolution and more samples are required
in observations.
7 SUMMARY
We studied the driving mechanism of massive outflows ob-
served in high-mass star-forming regions. In Paper I, we re-
lated the mass accretion rate to the mass ejection (outflow)
rate and showed that massive outflows may be driven by
the MHD disk wind mechanism in highly gravitationally un-
stable cores that have a high mass accretion rate onto the
circumstellar disk. In the present paper, in order to inves-
tigate the contribution of the MHD disk wind in massive
outflows, we compared outflow physical quantities between
simulations and observations. As a result, time-integrated
quantities of outflow mass, momentum, and kinetic energy
in the simulation were comparable to or slightly smaller than
those of the observations. The outflow lengths in the simula-
tions were slightly smaller than those in the observations. It
takes a long time to calculate sufficiently evolved outflows in
simulation, whereas more evolved outflows should be pref-
erentially observed in high-mass star-forming regions. Thus,
it is natural that such time-integrated quantities in simula-
tions are smaller than those in observations.
Next, we compared time-derivative quantities of mass
ejection rate, outflow momentum flux, and outflow kinetic
luminosity between simulations and observations and con-
firmed that the simulation results were in good agreement
with the observations. This indicates that the MHD disk
wind greatly contributes to the driving massive outflows,
although the effects of radiation, stellar wind, etc., cannot
be completely ignored. Therefore, the magnetic field greatly
influences the massive star formation, and the basic mech-
anism of massive star formation is the same as in low-mass
star formation, in which the star grows by the mass accretion
onto the disk, and excess angular momentum is transported
by magnetic effects, such as magnetic braking and outflow.
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Figure 1. Three-dimensional view of model E when the protostellar mass reaches Mps = 10M⊙ at tps = 2,417.3 yr, where tps is
the elapsed time after protostar formation. Yellow and orange surfaces are iso-velocities of vr = 1 and 10 km s−1, respectively, and
correspond to the outflow driving region. The central red region is an iso-density surface of ρ = 6.0 × 10−15g cm−3 and corresponds to
the pseudo disk. The magnetic field lines are indicated by the yellow lines. The density distribution on the x = 0, y = 0, and z = 0
planes are projected onto the surface of each wall. The spatial scale is shown to the left of the panel.
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Figure 2. Top and middle panels: Density (colour) and velocity (arrows) distributions for models (a and d) B, (b and e) C, and (c and
f) E when the outflow of each model reaches ∼ 3,000AU. The box scale is different in the (a-c) top and (d-f) middle panels. Bottom
panels: outflow momentum ρ vr at each point for models (g) B, (h) C, and (i) E at the same epoch as the top and middle panels. The
box scale is the same as in the top panels. The white contours in each panel indicate the boundaries between the infalling region and the
outflowing region, inside which the gas is outflowing from the central region. The elapsed time after the calculation starts (t) and that
after protostar formation (tps) are listed above each top panel. The protostellar mass (Mps) is also described in each top panel.
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Figure 3. Outflow length for all models plotted with respect to the elapsed time after outflow emerges. For reference, the outflow length
for model F after the protostellar mass reaches Mps = 30M⊙ is also plotted as the red dotted line.
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Figure 5. (a and b) Outflow mass, (c and d) momentum, and (e and f) kinetic energy for simulation models A–F (coloured lines in the
left panels and coloured dots in the right panels) with respect to the protostellar (or bolometric) luminosity. The coloured points in the
right-hand panel are the simulation results for every 100 yr. Observations taken from tables in Zhang et al. (2014, squares), Maud et al.
(2015, circles), and Beuther et al. (2002, triangles) are also plotted as black symbols. The solid lines in panels (a) and (b) are derived
from large samples in the observations (Wu et al. 2004).
MNRAS 000, 000–000 (0000)
14 Y. Matsushita et al.
10-3
10-2
10-1
1
101
102
103
104
102 103 104 105
n
L k
i
 
[L s
u
n
]
Lbol [Lsun]
610 102 103 104 105 106
Lbol [Lsun]
10-6
10-5
10-4
10-3
10-2
dM
/d
t [M
su
n
 
yr
-
1 ]
0A (α  = 0.5)
B (α0 = 0.2)C (α0 = 0.08)D (α0 = 0.04)E (α0 = 0.02)F (α0 = 0.01)
Zhang et al .
Beuther et al .
Maud et al.
Wu et al
. Wu et a
l.
Lkin =
 Lbol Lkin =
 Lbol
0A (α  = 0.5)
B (α0 = 0.2)C (α0 = 0.08)D (α0 = 0.04)E (α0 = 0.02)F (α0 = 0.01)
Zhang et al
Beuther et al .
Maud et al.
(a) Mass ejection rate (b) Mass ejection rate (every 100 yr)
(e) Outflow kinetic luminosity (f) Outflow kinetic luminosity (every 100 yr)
10-5
10-4
10-3
10-2
10-1
1
F 
[M
su
n
 
km
 s
-
1  
yr
-
1 ] W
u et a
l.
(c) Outflow momentum flux
Wu et
 al.
(d) Outflow momentum flux (every 100 yr)
Figure 6. (a and b) Mass ejection rate, (c and d) outflow momentum flux, and (e and f) kinetic luminosity for simulation models A–F
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